The objective of the work was to investigate the possibility of simultaneous application of different types of nanofillers: graphene oxide with carboxylic groups and modified bentonite nanoparticles to carboxylated acrylonitrile-butadiene rubber (XNBR), and to determine the effect on the structural, mechanical and barrier properties of the composites. The composites were designed for use in protective clothing and gloves. Rubber compounds were crosslinked by a hybrid set with simultaneous use of sulphur (1.5 phr) and magnesium oxide (2.5 phr). Graphene oxide and bentonite particles were characterised by BET test method. The XNBR composites with nanofillers were studied in terms of structure (WAXS) and types of chemical bonds (FTIR), barrier properties against chemical substances (mineral oil) and swelling properties, as well as mechanical properties (puncture resistance, tear resistance, cut resistance, abrasion resistance, tensile strength). Simultaneous incorporation into XNBR of two types of nanofillers, bentonite in the amount of 1.0-4.0 phr and graphene oxide with carboxylic groups in the amount of 1.0-2.0 phr, affected positively the mechanical parameters. The most significant improvement was noted for the parameter specifying the puncture resistance, almost threefold improvement from 34 ± 2 N for unfilled XNBR composite to 91 ± 5 N for XNBR composite filled with 2 phr of bentonite (XNBR Bent. 2), or one and a half to 56 ± 5 N for XNBR composite filled with 2 phr of bentonite and 2 phr of graphene oxide (XNBR Bent 2 GO 2). The composites showed equally high resistance to penetration of the selected test chemical-mineral oil. The breakthrough time for XNBR composites without the nanofiller and containing differential amounts of nanofillers was very long and similar to that obtained for the reference sample (480 min).
Introduction
Polymer composites containing two types of nanofillers are the solution proposed more and more frequently in order to achieve the improvement in their mechanical, thermal, electrical and barrier properties. Hybrid composites containing nanoparticles of carbon nanofillers (graphene, graphene oxide) and aluminosilicates (montmorillonite, bentonite) arouse considerable interest. The use of a different kind of nanoparticles in addition to graphene allows to reduce the production costs of the composites. A synergistic increase in resistance to mechanical factors as well as to permeation by chemicals is also observed. In the case of hybrid composites, a greater improvement in their properties is expected than for the materials with nanoparticles applied separately so far, including the widely used aluminosilicates. A prerequisite for this is the similarity of the layered structure of graphene and aluminosilicates, which can additionally reinforce a polymer composite as a result of better dispersion of the particles in the polymer matrix.
Fillers are typically added to elastomers to improve their properties such as strength, tear, abrasion resistance, but they can also be used to enhance the electrical and thermal conductivity and permeability resistance of a rubber material. Over the past two decades, the nanomaterials with exfoliated layered silicates and carbon nanotubes into elastomers have been explored in detail. The excellent physical properties, high surface area and anisotropy (aspect ratio) of many nanomaterials suggest tremendous promise for their more general use as fillers for elastomers and polymers more generally. Given the recent development of graphene, it is of significant interest to establish effective dispersion techniques for and investigate the use of graphene-based materials for elastomer reinforcement. It is worth undertaking because the content of nanofillers in the rubber compounds is significantly smaller. It amounts to 3-12 phr for layered aluminosilicates and 1-5 phr for graphene and graphene oxide [1, 2] which constitutes a significant difference as compared to the conventional fillers, such as carbon black, silica and others, with a content of 20-25 phr. This also represents a major improvement due to the fact that high filler concentrations are technologically unfavourable and increase the product weight.
Bentonite is a layered aluminosilicate area, whose main ingredient is montmorillonite, which is hydrated aluminium hydrosilicate (60-95%), with the general formula:
The other ingredients include mica, pyrites, limestone and quartz. It can absorb water equivalent to 6 times its weight [3, 4] . It is formed as a result of volcanic glass montmorillisation and occurs in pyroclastic deposits [5] .
Montmorillonite (MMT) is made up of three-layer packages, between which there are galleries consisting of free ions. The two outer layers consist of tetrahedral silicon dioxide crystals, between which there is an octahedral layer, consisting of magnesium oxide, iron or aluminium crystals. The layers are connected by common oxygen atoms, which are located at the corners of the tetra-and octahedrons [6] . Negative charges are generated by isomorphic substitutions of cations in the (1) M + y Al 2−y Mg Si 4 O 10 (OH) 2 × nH 2 O Fig. 1 The structure of montmorillonite [8] to a few hundred graphene layers. But only up to 10 layers, the term graphene can be used (there are monolayer, bilayer and few layer types of graphene) [14] . The structure of flake graphene is more defective comparing to epitaxial graphene. Thus, such flake graphene is more reactive and can be chemically modified for best fitting in composites. Oxidation-reduction is the most common method for obtaining flake graphene. The idea of the process is to use interaction between the polar groups introduced during oxidation to prepare graphite for mechanical separation of graphitic layers. After this process, called exfoliation, the introduced oxygen groups must be removed. This process restores pristine structure of graphene. An intermediate product of the oxidation-reduction method is a graphene oxide (GO) (Fig. 2 ). The differences between graphene and GO are shown in the structure. The presence of functional groups such as epoxy, hydroxyl, ketone, ester, organosulphate, carboxylic acid groups, sulphate groups changes the hybridisation to sp 3 . Vacancies may also be found in the lattice. The oxygen groups are reactive, and functionalisation with various chemicals is possible. All groups are not removed completely during the reduction process. Therefore, the structure is not the same as in graphene, so to emphasise the differences this kind of material is called reduced graphene oxide (rGO) [15] .
The simultaneous use of graphene oxide and modified bentonite nanoparticles as fillers of carboxylated acrylonitrile-butadiene rubber in our work allows to reduce the crosslinking time of this elastomer and increase the degree of crosslinking. XNBR composites with two types of nanofillers are characterised by higher mechanical strength and better tear resistance. The resistance to chemicals is also higher as indicated in the swelling study. Technological difficulties (compression shrinkage) observed during the preparation of such hybrid XNBR compositions are the main disadvantages of the presented method. In addition, used hybrid crosslinked set to XNBR is characterised by a lower cost of production and much better application properties.
The aim of the work was to determine the effect of graphene oxide and modified bentonite nanoparticles application to carboxylated acrylonitrile-butadiene rubber (XNBR) on the structure, mechanical and barrier properties of the composites, intended for protective clothing, gloves and shoes. Characterisation of nanocomposites was carried out by WAXS, FTIR, analysis and testing of mechanical and barrier properties. Graphene oxide and bentonite particles before the application to XNBR were characterised by BET test method.
Experimental part

Materials
The object of the study was carboxylated acrylonitrile-butadiene rubber (XNBR) (Lanxess GmbH, Germany) with 27% bound acrylonitrile content, 7% content of bound carboxylic acid, 0.99 g/cm 3 
Aluminosilicate nanofiller (bentonite)
A small amount of aluminosilicate nanofiller in the form of a modified bentonite (trade name Bentonite Special BS, manufactured by ZGM Zębiec, Poland, Table 1 in Supporting Information)-1.0, 2.0, 3.0 or 4.0 phr, was introduced into rubber, marking the composites with appropriate symbols: XNBR Bent. 1, XNBR Bent. 2, XNBR Bent. 3, XNBR Bent. 4, respectively, or the aluminosilicate nanofiller in a fixed quantity of 2 phr and a carbon nanofiller in the form of graphene oxide in the amount of 1.0 or 2.0 phr were introduced at the same time, marking the composites with appropriate symbols: XNBR Bent. 2 1, XNBR Bent. 2 GO 2, respectively, obtaining in this way hybrid XNBR composites containing two different types of nanoparticles.
Bentonite was modified with the use of QAS modifier (BASF) quaternary ammonium salts (R 1 R 2 R 3 R 4 N (+) Cl (−) ), where R 1 = 3-chloro-2-hydroxypropyl substituent, R 2 , R 3 and R 4 = methyl substituents.
The modification process is carried out in accordance with the developed and patented procedure [16, 17] in 10% aqueous suspension of enriched Bentonite Special (BS). In the suspension, heated to the temperature of 70 °C, 3-chloro-2-hydroxypropyl tetramethylammonium chloride (QAS) was introduced dropwise in the form of 50% solution in ethanol. The used amount of QAS was 35 g/100 g raw bentonite.
After instillation of the entire portion of the QAS solution, the reaction mixture was heated gradually to 80 °C with vigorous stirring and maintained in such condition for 3 h. After that time, the mixture was cooled gradually to room temperature with vigorous stirring during 1 h. The modified bentonite sediment was separated from the reaction mixture by filtering it under vacuum on a Büchner funnel, washing repeatedly with distilled water. The resulting sludge was dried in a forced air chamber at the temperature of 100-120 °C to achieve the humidity ≤ 0.5% of the mass. The dried sludge of modified bentonite was milled in a shock and ball mill and then sieved through the screens with the mesh diameter of 0.06 mm.
To obtain information about the efficiency of the modifications process, a DSC analysis of unmodified bentonite (BS) and modified QAS bentonite (BSQAS) was performed. The measurement was performed using a Mettler Toledo DSC 822 e type camera with the following parameters: measurement time, 45 min; temperature range, 0.0-450 °C; heating rate, 10 °C. Specific surface area measurements, basing on the BET isotherm of adsorption, were taken using a Quadrasorb Evo analyser (Quantachrome Instruments). This apparatus consists of a FLOVAC Degasser degassing station and an analytic station. This fully automatic system allows to measure specific surface area in the range from 0.01 to 6000 m 2 g −1 . Before the measurements, the samples of bentonite were dried for 24 h at 423 K and degassed in vacuum (0.6 Pa) for 5 h at the same temperature. Adsorption measurements were carried out using nitrogen at temperature 77 K. Žunić et al. [18] for analysis of textural properties (surface area) of bentonite used mercury intrusion porosimetry. For each of the three analysed samples were collected 13 measuring points in the relative pressure range 0.05-0.19 p/p0. The average of three measurements for bentonite before the modification is 15.358 m 2 g −1 and after modification process is slightly larger 15.763 m 2 g −1 . As Ghorbanpour indicated, the reason for the surface increase can be diffusion of iron ions to the bentonite [19] .
On DSC studies of unmodified BS within the 50-100 °C temperature range, the release of moisture absorbed by the sample and water from the crystal lattice is observed. Similar effects of slightly lower intensity are observed to occur within the 40-100 °C temperature range for modified QAS bentonite (BSQAS). In addition, the effect associated with the distribution of the modifier-QAS, within the 220-290 °C temperature range and associated with the distribution of the tertiary amine within the 370-440 °C temperature range was observed for BSQAS ( Table 2 in Supporting Information).
To obtain information about the efficiency of bentonite modifications process (separation of aluminosilicate platelets), X-ray examinations of unmodified bentonite (BS) and modified QAS bentonite (BSQAS) in powder form were performed. The determinations were performed for the powdered filler using the wide-angle X-ray scattering technique (WAXS) using a Drone 234 type X-ray diffractometer equipped with CuK α lamp. For the calculation of the interplatelet distances, signals for the 001 lattice plane were selected [20] . The distance between the bentonite platelets was calculated according to the Bragg formula.
On the basis of the obtained research results ( Table 3 in Supporting Information), it was found that the distance between the platelets (d 001 ) of unmodified BS and modified BSQAS had significantly increased from 12.6 Å for BS to approx. 22.2 that for BSQAS. A larger d 001 value means facilitated migration of the polymer chains between the filler layers, which promotes comminution of the aluminosilicate platelets to the size of nanoparticles. The platelet separation value of the tested modified bentonites, as well as the platelet sizes calculated according to the Scherrer formula [21] , is summarised in Table 3 in Supporting Information.
Carbon nanofiller: graphene oxide with introduced carboxylic groups
Nanofiller: graphene oxide with introduced carboxylic groups (GO COOH ) prepared from natural graphite (Asbury #1 Large flakes), was obtained from the Institute of Electronic Materials Technology, Poland. Graphene oxide was prepared using the modified Hummer method. The used reagents included sulphuric acid 96% (Chempur) 750 mL, sodium nitrate (Chempur) 16.5 g, potassium permanganate (Chempur) 90 g, hydrogen peroxide 30% (Chempur) 30 mL, hydrochloric acid 3%. Sodium nitrate was added to sulphuric acid and mixed until dissolved completely, then graphite was added, and stirring was continued. The temperature was lowered to 5 °C, and potassium permanganate was added in a few portions. After that, the reaction mixture reaction was heated to 35 °C and mixed for several hours. Finally, the temperature was raised to 95 °C and maintained for 15 min. The postreaction slurry was diluted in water, and after that hydrogen peroxide was added. The purification commenced with washing three times in hydrochloric acid and then several washing cycles in deionised water. Purified graphene oxide was exfoliated by the ultrasound probe (500 W, 30 min, ampl. 75%). Then, the reduction process was conducted. Citric acid monohydrate (Chempur) in the ratio of 1 g of acid per each 0.08 g of dry GO and GO suspension was used for the reaction. The reduction conditions were set on 180 °C and 12 h in volume of 300 mL. After the reaction, the sediment was purified and dried.
Basic information about the process of reduction comes from elemental analysis (Model: Vario Micro, Producer: Elementar Analysensysteme GmbH and for oxygen Model: EA 1108 Producer: Carlo Erba). Two samples, 1 g each, were taken for the analysis. A difference between the results is at the level of 0.2 per cent points was obtained. Elemental composition of GO COOH indicated that the mass percentage of individual elements is as follows: C 79.5%, H 2.9%, N < 0.3%, S < 0.3% and O 16.5%.
The sample contains 16.5% of oxygen, which means the reduction is not complete, and some of the functional groups are still present. Low content of sulphur can exclude the presence of amine and thiol groups. Infrared spectra were collected by using a Bruker vacuum FTIR spectrometer Vertex 80v. A total of 1.0 ± 0.1 mg of GO COOH was mixed with 320 ± 0.1 mg of finely ground KBr and put into a pellet-forming die. The 13-mm-diameter pellets were formed under a vacuum to eliminate air moisture from the KBr powder. The IR absorbance spectra were recorded in the range 400-4000 cm −1 with a spectral resolution of 2 cm −1 . The obtained spectra were corrected for the absorption of KBr pellet by subtracting the absorption spectrum of pure KBr pellet from the spectra of the samples. The transition method was used.
The infrared spectra indicate that obtained material is partially reduced. A peak at 1726 cm −1 can be interpreted as stretching vibrations from C=O bonds from carboxylic groups. A band at 1627 cm −1 corresponds to the COO-symmetric vibrations, and the 1580 cm −1 peak from C=C (and C-C) bond from aromatic rings ( Fig. 3) . The band at 1170 cm −1 is from C-O-C i C-O bonds. In the spectra, signal from hydroxyl group is not observed. (The signal should be observed at 3400 cm −1 .) The hydroxyl group is removed during selected reduction, and similar effect can be obtained by flash irradiation [22] .
The infrared spectra indicate that obtained material is partially reduced. A peak at 1726 cm −1 and weak peak in 1430 cm −1 can be interpreted, respectively, as stretching vibrations from C=O and H-O bonds from carboxylic groups. The 1560 cm −1 peak corresponds to C=C (and C-C) bond from aromatic rings. The band at 1170 cm −1 is from C-O-C and C-O bonds. In the spectra, signal from hydroxyl group is not observed. (The signal should be observed at 3400 cm −1 .) The hydroxyl group is removed during selected reduction, and similar effect can be obtained by flash irradiation [22] .
For identification of the material, Raman spectroscopy was conducted (via confocal Raman microscope, Reinshaw). In observed spectra, one can see two peaks, D and G, giving an information about carbon species: breathing modes of carbon sixfold rings or defects and vibrations of carbon chains, respectively. D-band is higher than G-band which indicates that flakes were not fully reduced. Intensity ratio between D and G peaks is 0.95 ( Fig. 4 ). For chemical reduced GO, this ratio is on the level of 0.93 or lower, when GO peaks ratio is on the level of 1 or more [23] . What's more, both bands should be well separated, while in our case there is a saddle between D and G bands. This may be due to some oxygen groups still present on rGO flakes, like epoxy, hydroxyl or carboxy ones, or even C-H groups [24] . Broadening of D peak gives information about defects of graphene, like carbon vacancies, fivefold, sevenfold or eightfold carbon rings or still attached oxygen groups, when G is a graphitic signature of material [25] . Lower ratio between D and G peaks indicates more of sp 2 carbon atoms, which is caused by the reduction in graphene oxide.
The obtained SEM images are typical of rGO. The surface is well developed. Impurities are not observed (Fig. 5 ). The confirmation of surface properties is based on the BET isotherm of adsorption analysis, performed on Quadrasorb Evo analyser. The same procedure as in the case of bentonite was used. The only difference was reduction in temperature for drying and degassing of material 315 K. The specific surface of sample was within the 248-315 m 2 /g range (based on five samples) [26, 27] . 
Formulation of composites
The formulations of rubber composites are presented in Table 1 . The composition of the mixture and the hybrid crosslinking method with simultaneous use of sulphur and a metal oxide in the presence of the ultraaccelerator are the subject of a patent application [28] .
Preparation of samples
Rubber compounds were prepared by the conventional method using a laboratory two-roll mill with 100 * 200 mm rolls, at a roll temperature of 20-25 °C and friction of 1:1.1. Mixing was conducted for up to 11 min, until all the components were blended and thoroughly mixed. The compounds were stored at ambient temperature. The mixing procedure was as follows: step 1-preparation of the premix mixture (XNBR + dispersant + accelerator + antioxidant + magnesium oxide), 6 min and division of the premix mixture into parts (sulphur was added to one part immediately-reference composite); step 2-introduction of fillers, 3 min; step 3-introduction of sulphur, 1 min; step 4-homogenisation of the mixture, 1 min. In order to ensure optimum crosslinking conditions (time and temperature), vulcametric measurements were conducted according to the standard PN-ISO 3417:1994 [29] , using a WG-02 oscillating disc vulcameter with a disc amplitude of ± 3° and oscillation frequency of 1.7 ± 0.1 Hz. Rheometric properties of XNBR composites are given in Table 2 .
Composite samples were produced in steel moulds with a diameter of 80 or 150 mm. The moulds containing crude XNBR compounds were placed between electrically heated (140 °C) plates of a hydraulic press, between two Teflon sheets; the heating time was 30 min. Subsequently, the samples were allowed to stand for 24 h and then removed from the dies. The width variation of the samples was 0.43-0.60 mm.
Test method
Wide-angle X-ray scattering (WAXS)
WAXS was used to study the nature of nanofillers dispersion in the composites. WAXS was performed with an URD 63 (Seifert, Germany) diffractometer using CuK α radiation and the following settings: accelerating voltage-40 kV, anodic current-30 mA. Radiation was monochromatised with a nickel filter and impulse height discriminator. A scintillation counter was used as a detector. X-ray diffractograms of the composite materials were obtained by the stepwise method within a diffraction angle range of 3°-60°, with a step of 0.1°. The impulse counting time was 15 s in all cases.
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Fourier transform infrared spectroscopy (FTIR) studies
The infrared spectroscopy (FTIR) studies were carried out with the use of a spectrophotometer (Nicolet 6700, Thermo Scientific, USA), equipped with a "MTEC 300" photoacoustic attachment. The resolution of 4 cm −1 and the measuring field purge with helium 5.0 were applied. The spectra, after correction of the distortions associated with the presence of water vapour, were averaged from three measurements after 128 scans in each measurement. The test samples took the form of fragments of membrane materials of approx. 5 × 5 mm size. The measured surface of the sample was not subjected to any mechanical influences.
Testing of mechanical properties
The mechanical properties of XNBR composites were characterised by the determination of their resistance to:
The tear resistance test was performed with the use of a universal testing machine (type 4880, Instron, USA). The samples of 50 × 100 mm dimensions were mounted in jaws situated at a distance of 40 mm from each other. The beam speed was 100 mm/min. The results are expressed as means for four samples.
Resistance to puncture was determined with the use of a universal testing machine (type 4880, Instron, USA). During the puncture resistance test, the specimens with a diameter of not less than 40 mm were exposed to a pin puncturing the sample at a 100 mm/min speed. The results are expressed as means for three samples.
Tensile elongation at break was determined in accordance with PN-ISO 37:1998 [30] using a testing machine (type 1435, Zwick GmbH & Co. KG, Germany) coupled with a computer with appropriate software. The test samples used were oar-shaped with 4 mm width of the measuring section and 2 mm thick, which were stretched with a constant speed of 500 mm/min using the testing machine until the sample was disrupted. The results are expressed as means for five samples. Resistance to cutting was determined using the cut resistance testing apparatus (CoupTest type, Artec Testnology, Netherlands). Samples of 100 × 60 mm size, subjected to the operation of a wheel-shaped blade, were analysed. Owing to special software, the testing equipment counted the number of cycles at which the intersection of the sample occurred. The results are expressed as means for two samples.
Abrasion resistance was determined using a standard tester (Nu-Martindale, James H. Heal Ltd., Great Britain). Sandpaper with a minimum surface weight of 125 g/m 2 ± 5% was used as the abrasive material. The pressure exerted on the samples during abrasion was 9 (0.2 kPa). The condition of the samples surface was evaluated organoleptically after a specified number of cycles: 100, 500, 2000 and 8000 cycles. The results are expressed as means for four samples.
The tests for resistance to puncture, tear, cut and abrasion were performed according to the PN-EN 388:2006 standard [31], specifying the mode of testing the mechanical strength properties of all-rubber products designed to protect against mechanical hazards.
Prior to the tests, the samples were conditioned in air at 21 ± 3 °C and a relative humidity of 50 ± 5%.
Testing of barrier properties
Resistance to permeation by oils Resistance of composites to permeation by mineral oils was determined in accordance with PN-EN 374-3:2005 and EN 6529:2005 [32, 33] , which describe and specify the tests of glove and clothing materials designed to protect against chemicals. The designated protection parameter is standardised penetration detection time assumed as "the period of time from the moment of contact of the material with the chemical until the moment when the velocity of the liquid permeating through the tested material reaches a value equal to 1 μg/cm 2 min".
During the test, the sample of the test material coffin there was placed between two chambers of the permeation cell in such a way that its external surface (right side) was in direct contact with mineral oil, and the inner surface (wrong) was in direct contact with a solid collector medium (filter). A glass fibre filter (GF and GF/C-type manufactured by Whatman, Great Britain) was used as the solid collector medium in the lower compartment of the cell. Then, a portion of mineral oil (10 mL) was poured into the inlet of the upper chamber of the cell. From that point on, recording of the test duration was commenced.
The test was carried out in the so-called interval system. At certain time intervals (10, 30, 60, 120, 240 and 480 min since the start of the study), consistent with the boundaries of the protection classes specified in the PN-EN 14605 and PN-EN 374-1 standards [34, 35] , presenting the requirements for materials, the filter was collected for analysis. The collected filter was replaced with a new one. Although this method did not allow continuous monitoring of the permeation process, it was necessary due to the type of the collector medium (solid medium) used. To carry 1 3 out quantitative determination of the components of penetrating oily substances, absorbed by solid collector medium, the filters were subjected to extraction using an organic solvent (cyclohexane), assisted ultrasonically (sonication).
Quantitative determination of mineral oil collected in the medium was conducted in accordance with PN-EN ISO 9377-2:2003 [36] , using the technique of gas chromatography with flame ionisation detection. A trace GC gas chromatograph (Thermo Fisher Scientific, USA) equipped with a flame ionisation detector (FID) and a capillary chromatographic column (Rtx-5, length 30 m, internal diameter 0.25 mm) was used. This testing method was presented by the authors in a prior publication [37] .
One type of mineral oil, i.e. the reference oil, representative for mineral oils with a low content of additives, was selected for the tests. Due to the fact that commercially available oils, even of the same variety and derived from the same source, can vary considerably in their composition, the reference oil described in PN-ISO 1817:2001 as Oil no 3 [38] was used. This oil is a mixture of fractions of specially treated oils from naphthenic petroleum (oil IRM 903 according to ASTM D 471; product of Calumet Specialty Products Partners, L.P., USA).
The results are expressed as means for three samples.
Resistance to swelling
The swelling test was conducted by immersing for 72 h the material samples into a solvent: toluene and 2-butanone for 72 h. The samples were weighed before immersion and after immersion. Next, the samples were dried at 40 °C for 24 h and then weighed. The procedure was analogous to that used in our previous work [39] .
Resistance to exposure to seawater To test the resistance of XNBR composites to seawater, the organoleptic method was applied to evaluate the condition of the sample surface.
The tests were carried out using the seawater substitute solution prepared according to the PN-C-06502:1966 standard [40] for research under laboratory conditions. The purpose of the research was to determine whether the sample surface is affected by contact with the medium such as the seawater substitute. The laboratory tests involve bringing the samples of selected composite variants into contact with seawater substitute solution in lidded beakers. The duration of the material exposure to seawater substitute solution amounted to 0, 2, 4, 6, 8, 12 weeks. The sample was exposed to a water column of 10 cm height. Before and after each period of exposure, a visual inspection of the sample surface was carried out and photographs were taken.
Methodology of statistical analyses of results
The results of tests of mechanical parameters (resistance to tearing, abrasion, puncture, cutting, tensile strength) were not characterised by normal distribution, and therefore, the analysis of significance was carried out using nonparametric tests. The differences between composite for each parameter were analysed separately using the nonparametric Mann-Whitney U test (when 2 composites were compared) or Kruskal-Wallis test and post hoc Dunn tests (when 3 or more composites were compared). The test probability at the level of p < 0.05 was adopted as a significance level, whereas the level of p < 0.01 probability was adopted as a high significance level. The analyses of the results were conducted using the PQStat ver. 1.6 statistical package.
Due to the lack of differences between the results of the tests of mineral oil penetration resistance between the composite variants, the statistical analysis of the significance of differences was not conducted.
Results and discussion
Rheometric studies
The torque increment ΔL after 30 min of heating (Table 5 ) increased for XNBR composites with nanofillers. The increase was slightly approx. 1.5-10% for XNBR composites with modified bentonite only, and the most significant increase was observed for XNBR with 3 phr of bentonite-from 46.7 dNm (no filler) to 53.7 dNm (3 phr of bentonite). It can be clearly deduced that an increase in the amount of bentonite leads to a higher values of the torque increment ΔL. A much larger increase was recorded for hybrid XNBR composites with two types of different nanofillers: bentonite and graphene oxide after special preparation to obtain a carboxylic group on the surface. In that case, the torque increment ΔL increased by approx. 35%, reaching the value of 63.5 dNm for XNBR composite with 2 phr of bentonite and 1 phr of graphene oxide. It was a good effect of nanofillers application because, as known from the literature, the increase in torque increment is reflected in the crosslink density and afterwards influences on the mechanical properties of the composites [41] . The increase in the torque increment is necessary to improve the tensile strength at break and stress at elongation. The enhancement of torque increment for XNBR composites with graphene oxide and bentonite could probably have an effect on the improvement of mechanical properties.
The obtained cure time τ 90 for XNBR composites varied depending on the type of the introduced nanofiller. The cure time increased sharply by 50% from 26.6 to 39.9 min for the XNBR composite with 1 phr of bentonite (Table 5) . A further increase in the quantity of bentonite to 4 phr resulted in shortening of the cure time. Simultaneous application of two types of fillers: bentonite and graphene oxide, did not affect the cure time compared to neat XNBR.
Different observations were made by Smaoui in the course of studies on the highperformance nanocomposite materials based on carboxylated acrylonitrile-butadiene rubber (XNBR) latex with graphene oxide (GO), or reduced graphene oxide (rGO). He stated that in both XNBR/GO and XNBR/rGO compounds, the cure time increased continuously with the increasing load of the fillers loading. The cure time increased from 13.85 min for neat XNBR to maximally 23.91 min for XNBR composite with 1 phr of reduced GO [42] . He deduced that the presence of carbon-based fillers can extend the induction period and delay the curing time of vulcanisation. Indeed, free radicals are generated from sulphur, during the vulcanisation process, and reacted with the matrix forming crossed linking points. On adding GO sheets, the functional oxygenic groups presented on their surface will absorb the free radicals. Hence, the reactivity of free radicals was reduced and the vulcanisation process was delayed.
Examination of nanomaterial structure using WAXS
The purpose of the research was to determine the influence of the type and content of the nanofiller introduced to XNBR crosslinked with sulphur and magnesium oxide on the degree of separation of aluminosilicate platelets or graphene layers.
The results of WAXS studies of XNBR composite are presented in Fig. 6 and Table 3 .
The results of the tests carried out by wide-angle X-ray scattering (WAXS) on XNBR composites with hybrid crosslinking using two crosslinking agents of different compositions and containing two types of selected fillers demonstrated that the use of aluminosilicate filler in the form of modified bentonite, both as a single filler and optionally as the second nanofiller (together with graphene oxide functionalised GO -with carboxylic groups), caused a reduction in the distance between the layers of the nanofiller occurring by itself in the form of powder and in the produced composites (Table 3 ). Reduction in the interlayer distance was identical for XNBR composites and amounted to 4.3 Å (from 1.8 to 1.37 nm) ( Fig. 6) , regardless of the variant of the crosslinking and filling composites. Reducing the distance between the bentonite layers in the produced XNBR composites may promote formation of agglomerates, which is an unfavourable phenomenon, as it is not conducive to good dispersion of the nanofiller in the rubber matrix and results in worse mechanical strength properties.
In turn, in the case of the introduction of the graphene oxide with carboxylic groups to XNBR as one of the two fillers in the absence of the characteristic peak on the WAXS curve, it was concluded that exfoliation between the graphene layers had occurred and the GO structure had not been destroyed in the process of introducing it to the XNBR mix, which is a very positive result. According to the literature data, the WAXS graphite (graphene) curves are characterised by a strong single maximum, whose angular position is 2Θ ≈ 26°. For graphene oxide (GO), the peak is shifted to the 2Θ ≈ 10.6° location [43, 44] . The lack of the peak characteristic of graphene oxide evidences that exfoliation took place between the graphene layers we are dealing with single graphene layers. The introduction of that nanofiller in the powder form to the rubber did not result in the destruction of its structure, which is a very positive result. It can be assumed that graphene oxide with carboxylic groups, due to the content of these carboxylic groups on the surface of the particles, giving it a more polar structure than bentonite, dispersed much easier polar, carboxylated butadiene-acrylonitrile rubber. Such a structure may affect the morphological and mechanical properties of the resulting nanocomposites. As emphasised by Wu [45] , the interlayer distance in GO sheets is proportional to the degree of oxidation. Generally, the GO sheets with lower C/O atomic ratio have higher d-spacing, which can be explained by a higher degree of functionalisation. Consequently, the obtained graphene oxide with carboxylic groups was characterised by a high degree of functionalisation, and so the process of modification of graphene oxide in order to bind carboxylic groups to the particle surface was accomplished successfully.
Examination of nanomaterial structure using FTIR
The purpose of the research using the Fourier transform infrared spectroscopy (FTIR) method was to confirm the presence of chemical bonds between the filler particles and the polymer matrix of XNBR rubber.
The FTIR spectrum of XNBR rubber, graphene oxide (GO) and bentonite (Bent.) is presented in Fig. 7. Figures 8, 9, 10, and 11 show the FTIR spectra of the XNBR composites without nanofillers and with two types of nanofillers: bentonite, a layered aluminosilicate and graphene oxide.
It should be emphasised that unlike graphene nanoplatelets [46] , for graphene oxide noted peaks at 3442, 1740/1480, 1203 cm −1 corresponding to the -OH, -C=O; -C=C-and -C-O functional groups were noted. The FTIR spectrum of GO indicated the presence of prominent oxygen containing groups. The broad peak at 3442 cm −1 which could be assigned to the O-H stretch from carboxyl groups indicated the existence of adsorbed water molecules and structural -OH groups of graphite oxide, which was confirmed in the studies conducted by Smaoui [41] .
On the basis of the obtained photoacoustic spectra, it was found that the introduction of the fillers: bentonite and GO to XNBR did not affect the symmetric oscillations at 2920 cm −1 and the asymmetric ones at 2847 cm −1 of the C-H groups (Figs. 7, 8) .
In the photoacoustic spectra of XNBR composites within the range of wave numbers characteristic of oscillations of the -C≡N group, no significant differences of their shape and intensity in relation to the intensity of the -CH group bands were observed after the introduction of the nanofillers (Fig. 8 ). A little difference was observed in the case of XNBR Bent 2 GO 2 composite, for which a slight widening of the -C≡N band is visible. This may be due to structural abnormalities in the XNBR rubber matrix because of different intermolecular interactions caused by the introduction of larger quantities of bentonite and GO. On the basis of the photoacoustic spectra of XNBR composite containing graphene oxide functionalised with the carboxylic groups, the impact of the nanofiller on the supramolecular structure of the XNBR composite was deduced.
An effect on the oscillator -C≡N band (approx. 2235 cm −1 ) was observed, indicating that the impact of -C≡N groups is stronger in comparison with oxygen derivatives of graphene, which in turn could cause a change in the position of the wave numbers on the -C≡N group spectra in the rubber macromolecules to more exposed on the outside of the agglomerates, which changed the probability of resonance interactions with the measuring beam. The analysis of the photoacoustic spectra of crosslinked XNBR composite indicates a strong impact of nanofiller particles on the -C=O oscillator groups (from ca. 1740 cm −1 to ca. 1550 cm −1 ). FTIR studies of SBR (styrene-butadiene rubber) and XNBR/SBR composites containing graphene oxide conducted by Liu, also demonstrated the presence of peaks at 1742 and 1701 cm −1 in the XNBR spectrum corresponding to the stretching vibration of free and hydrogen bonded -C=O, respectively [47] . The introduction of fillers in the form of GO and/or bentonite led to a deformation of the rubber chains, which were probably surrounded by nanofiller particles and caused an increase in tensile stress resulting in a shift of 1610 cm −1 resonant frequencies in the composite containing no filler towards the lower wave numbers (Fig. 9 ) in the composite with such fillers. This may evidence a change in the impact of -C=O groups after the introduction mainly of graphene oxide with carboxylic groups to XNBR and indicate a more relaxed structure of the filled composite. Slightly it may result from the incorporation of bentonite. The solidification and supermolecular organisation of polymers depend on many factors. Generally, chains strive to obtain a conformation with the lowest internal energy. The structure is then compact, and the internal stresses Fig. 11 Effect of the type and amount of the nanofiller introduced to XNBR on puncture resistance of the composites are low. The introduction of the filler disturbs the supermolecular structure of the polymers causing chain deformations and probable strong interactions between GO molecules and mixture components. This causes intramolecular stresses which were noticed in the spectra in the form of band shifts.
The effect of type and amount of nanofillers on the mechanical properties of XNBR composites
XNBR composites were tested for resistance to:
The test results for the investigated mechanical properties of XNBR materials are presented in Figs. 10, 11, 12 , and 13.
The results of tests of mechanical parameters have been evaluated in accordance with PN-EN 388:2006 [31], presenting the requirements in the field of mechanical parameters for materials in the form of membranes and all-rubber products (gloves, safety footwear). Such products are required to meet at least one of the mechanical parameters (resistance to abrasion, puncture, tearing, cutting) at the minimum level of protection (class 1). The same parameters, with additionally determined tensile strength, are required for clothing items (protective clothing) manufactured from Fig. 12 Effect of the type and amount of the nanofiller introduced to XNBR on tensile strength fabrics coated with polymer mixtures. The classification of the parameters is shown in Table 4 .
As expected, simultaneous introduction to XNBR of two types of nanofillers, both an aluminosilicate one in the amount of 1.0-4.0 phr and a carbon one in the amount of 1.0-2.0 phr, resulted in beneficial changes in parameters such as resistance to tearing, puncture and tensile strength (Figs. 10, 11, 12) .
It was observed that with the increase in bentonite content, the tear resistance increased from 9 ± 1 N for the reference composite (XNBR without nanofillers) to 11 ± 2 N for the XNBR composite containing the maximum amount of 4 phr (Fig. 10 ). The introduction of graphene oxide together with bentonite in the same 2 phr quantities of either nanofiller allowed to obtain the tear resistance to tearing of the similar level-12 ± 3 N. Statistical analysis demonstrated that the differences are not significant (p = 0.1299). The tests indicate that the requirements for protection class 1 in terms of tear resistance are met by XNBR composites containing the total amount of nanofillers of minimum 4 phr, regardless of the bentonite and graphene oxide contents. The introduction of smaller amounts of nanofillers to XNBR composite did not improve its resistance to tearing. A different trend was observed in the [46] , who after the introduction of graphene nanoplatelets into XNBR rubber composites determined the tearing force. He observed that the tear strength decreased from 1.65 (pure XNBR) to 1.52 MPa (3 phr of graphene added). In contrast to our research, the tear strength of the composites decreased with the increase in graphene content. Kuan associated that with two influences: nonuniform dispersion of the nanofillers in higher loading system and the presence of voids. The most significant improvement in mechanical strength properties of XNBR composites has been reported for the parameter specifying the puncture resistance. Indeed, the application of any nanofiller caused a significant, almost threefold improvement from 34 ± 2 N for unfilled XNBR composite to 91 ± 5 N for XNBR composite filled with 2 phr of bentonite (XNBR Bent. 2), or to 86 ± 7 N for XNBR composite filled with 2 phr of bentonite and 1 phr of graphene oxide (XNBR Bent 2 GO 1) ( Fig. 11 ). During the statistical analysis, a significant (p = 0.0074) difference between the composites was obtained. Materials containing more than 3 phr of fillers were characterised by a smaller, approx. double increase in the resistance to puncture, regardless of whether it was a hybrid composite with two types of nanofillers, or with one type-bentonite. Most of the XNBR composites after the introduction of nanofillers complied with the requirements with respect to resistance to puncture for protection class 2 according to PN-EN 388:2006. In turn, the XNBR composite containing equal volumes of graphene oxide with carboxylic groups and bentonite-2 phr was characterised by the best resistance to disruption (Fig. 12) . Its strength increased by approximately 33%, from 25.4 MPa to 33.7 MPa (the reference sample, XNBR Bent. 2 GO 2, respectively). Statistical analysis showed a highly significant difference in strength between these composites (p = 0.0046). It has been demonstrated that the use of the same amount (2.0 phr) of graphene oxide with carboxylic groups and bentonite turned out to be more beneficial than a lower amount of graphene oxide with carboxylic groups (1.0 phr) and the same amount of bentonite (2.0 phr) (Fig. 12 ). The differences in elongation at break were estimated at approx. 11%. The introduction of one type of nanofiller-bentonite in 1, 2 or 3 phr quantities, to XNBR composite contributed to an unexpected deterioration of the strength properties. For a composite with the content of bentonite alone in the amount of 2.0 phr (XNBR Bent 2), the determined tensile strength amounted to 20.2 MPa and was approx. 20% lower in comparison with the reference [48] , who at the particular level of filling of styrene-butadiene rubber (SBR) mixture with various types of nanoparticles obtained a significant improvement in mechanical properties of the composites. Incorporation of two kinds of nanofillers: carbon nanotubes and expanded graphite, contributed to a rapid growth of the Young modulus and tensile strength. The breaking force increased approx. 4 times, from 2.44 MPa for the samples containing no fillers to 9.66 MPa for the variant with the content of 20 phr expanded graphite and 5 phr carbon nanotubes. A good effect on the mechanical properties was observed when SBR composites were loaded with expanded graphite in the presence of carbon nanotubes. Comparing the values of the breaking force for the composites filled with expanded graphite in the same 20 phr quantity and carbon nanotubes in quantities ranging from 0.5 to 5 phr demonstrated clearly that with the increased content of carbon nanotubes the breaking force increased. Compounds loaded with 20 phr of expanded graphite or carbon nanotubes showed a moderate value of tensile strength which was achieved only by incorporation of high amount of traditional silica. In another study, Zhang observed that mechanical properties of XNBR/SBR blends with different contents of graphene oxide (GO) were remarkably improved with the increase in GO loading, similar to our tests. The tensile strength and tear strength for XNBR/SBR/GO blend with 0.3 phr GO were significantly enhanced by 71% and 94%, respectively, compared with those of neat XNBR/SBR blend. The authors observed the improved compatibility between XNBR and SBR induced by GO [49] .
According to Ponnamma [50] , mechanical performance of elastomer nanocomposites depends on several factors such as the filler dispersion, the degree of interfacial adhesion between the elastomers and the filler, as well as the crosslink density of the composite. For the analysis of mechanical strength properties (tear resistance, cutting resistance and tensile strength) of XNBR composites with the content of both types of nanofillers, structural studies can be helpful. The WAXS results showed that in the case of the introduction of graphene oxide with carboxylic groups to XNBR as one of the two fillers used, in view of the absence of the characteristic peak on the WAXS curve, exfoliation between the graphene layers had occurred. It was therefore concluded that the structure had not been destroyed in the process of GO Introduction to the XNBR mix, which is a very positive effect and might have improved the mechanical properties. It is noteworthy that this is a good result, because the earlier studies failed to obtain a significant improvement in mechanical properties [51] .
The authors believe that a factor that contributed to this was also the change of XNBR crosslinking method from using sulphur alone to using a hybrid set: sulphur + magnesium oxide.
Sadasivuni et al. [52] , investigating X-ray diffraction of butyl rubber (IIR) composites, in which they introduced separately 5 phr of aluminosilicate (Closite 10) or graphene (thermally reduced graphene-TRG), observed that the diffraction attributed to natural graphite (2θ = 26.5°) had not occurred in the XRD spectrum for butyl rubber composite with graphene content, which indicated in his opinion an exfoliation of graphene within the IIR matrix of. Sadasivuni, like the authors, reported a significant increase in mechanical properties, with the tensile strength at break reinforced most significantly. He observed an increase in tensile strength from 2 to more than 4 times compared to unfilled IIR (unfilled IIR 0.8 MPa, IRR/ Closite max 3.5 MPa, IRR/graphene 2.7 MPa). It was determined that greater tensile strength was accompanied by greater Young's modulus of IIR/graphene (approx. 2.4 times higher than that of the unfilled matrix). In rubber, there were the strong interactions between the rubber and the filler. The interactions were stronger between IIR and graphene than between IIR and clay. The high specific surface area and the two-dimensional geometry of graphene resulted in improved mechanical interlocking and adhesion with polymeric chains complex [52] . According to Sadasivuni, due to the high aspect ratio and good filler-polymer interactions, the graphene nanocomposites exhibit a good enhancement in Young's, storage modulus and a decrease in oxygen permeability.
However, not all the parameters characterising the mechanical properties were improved. In the case of testing the resistance to cutting, the test results, regardless of the type and amount of nanofillers introduced to XNBR blend, showed a slight (approx. 6%) deterioration of resistance of the composites compared to the reference samples with no fillers. For all variants, the obtained values were at a similar level, located within the cutting index I n range from 1.4 ± 0 to 1.5 ± 0.1, compared to the reference sample, for which the resistance to cutting was I n = 1.6 ± 0.1. Statistical analysis demonstrated that the differences were not significant (p = 0.2020). All the variants of composite materials met the requirements of class 1 according to PN-EN 388:2006 (Fig. 13) .
The abrasion resistance both for the reference sample without the nanofiller content (XNBR), and for the composites containing nanofillers remained at the same, unchanged level of 8000 cycles, corresponding to the highest protection class 4 according to PN-EN 388:2006. Statistical analysis showed no variability.
The effect of type and amount of nanofillers on the barrier properties of XNBR composites
Acrylonitrile-butadiene rubber composites crosslinked with magnesium oxide and sulphur, containing two types of nanofillers: a carbon one (graphene oxide with carboxylic groups i) in the amount of 1 or 2 phr and/or an aluminosilicate one (bentonite) in 1, 2, 3, or 4 phr quantity, revealed equally high resistance to penetration by oil-more than 480 min. (The test was conducted for up to 480 min.) This result corresponds to the highest protection class 6 according to PN-EN 14605:2008 [34] and PN-EN 374-1:2005 [35] containing the requirements for materials designed to protect against chemicals.
The addition of carbon nanofillers (graphene oxide with COOH groups) or an aluminosilicate nanofiller (modified bentonite) to the XNBR did not affect the barrier properties of the cured compounds. The breakthrough time for XNBR composites without the nanofiller and containing differential amounts of the nanofiller was very long and similar to the reference sample (480 min). This indicated very good barrier properties of XNBR composites against mineral oil.
The barrier properties of XNBR composites were also characterised by resistance to swelling in two solvents: toluene and 2-butanone. Swelling is considered to be one of the key parameters that define the resistance of polymer composites to chemicals. The fact that with a decrease in swelling, the crosslinking density increases and then the mechanical properties of composites are improved is noteworthy. This trend is in harmony with the tensile strength and the increment in torque, which provides further confirmation that the used nanofillers may play a role not only as a reinforcing filler but also as a curative agent for functionalised elastomers such as XNBR [41] .
Volume swelling was determined for new composite samples and after climatic ageing. It involved exposure to a xenon lamp (λ = 300-400 nm) for a period of 400 h at radiation intensity of 50 W/m 2 and 90% relative humidity, at 20 °C temperature during the day and with the xenon lamp turned off at night. Generally, the XNBR composite without a filler (XNBR No filler) is characterised by minimally higher swelling than XNBR composites with nanofillers. This applied to the tests with both solvents. It was observed that with an increase in the filler content, the equilibrium swelling of the composites was subject to reduction: from 2.15 mL/mL for the reference sample without fillers to 1.89 mL/mL for the composite containing two types of fillers in equal quantities of 2 phr in the case of toluene tests, and 3.03 mL/mL for the reference sample without fillers to 2.46 mL/mL for the composite containing two types of fillers in equal quantities of 2 phr in the case of tests with 2-butanone ( Table 5 ).
In the case of swelling in toluene, the maximum difference is 0.26 mL/mLcomposite with the content of two types of fillers in equal quantities of 2 phr. For the same, twice higher swelling-0.67 mL/mL was determined when 2-butanone was used. It indicates that the reference sample is slightly less densely crosslinked than the composites with nanofillers. This may suggest that the presence of bentonite and graphene oxide makes the formation of networks in the rubber matrix more difficult. Even a slight reduction in swelling, resulting in an increase in the crosslinking density, influenced the improvement of mechanical properties of the resistance to tear and puncture (Figs. 10, 11) .
Climatic ageing contributed to a reduction of the equilibrium volume swelling ratio. Swelling in toluene was reduced from 8 to 25%, and in 2-butanone from 20 to 30%. Simulated ageing of the composite was observed to influence its properties positively.
Likewise, the mole per cent uptake was adopted by Liu for determination of the solvent resistance of rubber nanocomposites [47] . For tests Liu used toluene as the solvent for the tests.
It can be seen that mole per cent uptake of SBR and XNBR/SBR composites with graphene oxide decreases significantly with the addition of the filler, from 4.25 for composite with no filler to 3.25 mol/100 g for both types of composites with 4 phr of GO. Liu came to similar conclusions that graphene oxide (GO), a filler with a high aspect ratio, acts as an impenetrable barrier in the matrix, leading to the difficulty of 1 3 solvent diffusion and low mole per cent uptake value. So it is a beneficial phenomenon, resulting in improved resistance to chemicals.
For testing resistance to seawater, hybrid XNBR composites containing both types of nanofillers, or bentonite only, i.e. marked with symbols XNBR Bent. 2 GO 1, XNBR Bent. 2 GO 2 and XNBR Bent. 2, were selected. The composites were observed to change their colouring. The composite with bentonite content changed its colour from dark beige to a much lighter shade of beige with slightly orangish hue after 12 weeks of exposure to seawater substitute solution. The composite containing carboxylated graphene oxide and bentonite exposed to seawater substitute solution changed its colour from dark grey (almost black) to a much lighter shade of grey. Numerous discolourations in the form of irregular streaks and scratches were observed ( Fig. 3 in Supporting Information). It means that the tested materials underwent discolouration in the seawater substitute medium, which contains various salts, mainly sodium chloride and magnesium chloride, sodium sulphate, calcium and potassium chlorides. The duration of the materials contact with the solution was important. The longer it was, the more significant changes occurred on the surface of the composites. More and more discolourations were observed in each consecutive week. The biggest differences can be observed in the surface and colour if the tested materials were observed after 12 weeks (maximum time) of exposure to seawater medium. No clear stiffening of the composites can be observed. Tests of a selected mechanical parameter demonstrated with high probability that as a result of leaching of the components the structure became more rigid, resulting in increased resistance to puncture ( Table 6 ).
Conclusions
Simultaneous introduction to XNBR of two types of nanofillers, modified bentonite as an aluminosilicate nanofiller in the amount of 1.0-4.0 phr and graphene oxide with carboxylic groups as a carbon nanofiller in the amount of 1.0-2.0 phr, affected positively the mechanical parameters: resistance to tearing, puncture and tensile strength.
The most significant improvement has been noted for the parameter specifying the puncture resistance. Indeed, the application of any nanofiller caused a significant, almost threefold improvement from 34 ± 2 N for unfilled XNBR composite to 86 ± 7 N for XNBR composite filled at the same time with 2 phr of bentonite and 1 phr of graphene oxide, modified towards the introduction of carboxylic groups. The tensile strength of XNBR composites containing equal volumes of graphene oxide and bentonite (2 phr) increased significantly, by approx. 33%, from 25.4 to 33.7 MPa (the reference sample, XNBR Bent. 2 GO 2, respectively). The application of equal amounts (2 phr) of either nanofiller allowed also to increase the resistance to tearing from 9 ± 1 to 12 ± 3 N. Introduction of smaller amounts of nanofillers to XNBR composite did not improve its tear resistance. The manufactured composites containing at the same time two types of nanofillers have revealed equally high resistance to penetration by the selected chemical-mineral oil. The breakthrough time for XNBR composites without a nanofiller and containing differential amounts of nanofillers was very long and similar to the reference sample (480 min). This indicated very good barrier properties of XNBR composites against mineral oil. The barrier properties of XNBR composites were characterised also by determination of their resistance to swelling in two solvents: toluene, and 2-butanone. A slight reduction in swelling, resulting in the improvement of the mechanical properties, has been observed.
Wide-angle X-ray scattering (WAXS) examination of the XNBR composites with both nanofillers showed that the lack of the characteristic graphene oxide peak (2Θ ≈ 10.6°) on the curve and therefore indicated exfoliation between the graphene layers. In the case of the other nanofiller, bentonite, a reduction of the distance between the layers in the form of powder and the produced composites (from 1.80 to 1.37 nm) has been observed, regardless of the degree of filling of the composites that may promote the formation of agglomerates.
